Abstract-This paper presents a systematic design process to design Bandstop Filters from SingleBand (SB-BSF) to Hexa-Band (HB-BSF). The presented BSFs are useful to suppressing the unwanted signal frequencies from 1.98 GHz to 7.75 GHz. Single-Band BSF suppress the frequency 1.98 GHz; DualBand BSF suppress 2 GHz and 3.4 GHz (WiMax Band); Triple-Band BSF suppress 2.0 GHz, 3.4 GHz, and 4.75 GHz; Quad-Band BSF suppress 2.0 GHz, 3.4 GHz, 4.75 GHz, and 6.4 GHz; Penta-Band suppress 2.0 GHz, 3.4 GHz, 4.0 GHz, 4.85 GHz, and 6.75 GHz; however Hexa-Band suppress 2.0 GHz, 3.4 GHz, 4.2 GHz, 4.75 GHz, 6.5 GHz, and 7.75 GHz. The attenuation level for the suppressed frequencies varies from 19 dB to 62 dB, and the quality factor varies from 17 to 384.5. The simulated and measured results are presented to validate the design process. Such compact BSFs could be useful in modern communication systems to stop the potential interference of the unwanted signal frequencies in WLAN and UWB bands.
INTRODUCTION
Nowadays multifunctional wireless integrated communication systems become more and more important and have been used for miniaturization of the communication equipment. In recent years, plenty of works have been done on integrated and multifunctional wireless communication systems. Multi-Band Bandstop filters play an important role and are tremendously preferred, which can be simultaneously used for stopping different signal frequencies. Some effective methods have been proposed to develop Single-Band [1] Dual-Band [2] [3] [4] [5] [6] and Triple-Band Bandstop filters [7] [8] [9] [10] [11] [12] [13] [14] . However, the design of TripleBand Bandstop filters (TB-BSFs) and controlling the stopband frequencies within the specified band are difficult. Hence, relatively few works have been done on TB-BSFs [7] [8] [9] [10] [11] [12] [13] [14] . Some TB-BSFs are designed by using series LC resonators and admittance inverters [7] , T-shaped defected microstrip structure [8] , cross-coupling stubs [9] , square patch resonator [10] , defected microstrip structure (DMS) and E-shaped defected ground structure (DGS) with open-loop resonators coupled to the microstrip line [11] , U-shaped DGS [12] , Hilbert-Fork resonator [13] and by using meander line stepped impedance resonator [14] . These TB-BSFs are very useful for suppressing the three spurious signals. The QuadBand Bandstop filters (QB-BSFs) are very difficult to design; recently just three popular QB-BSFs are designed using defected microstrip structure (DMS) and E-shaped defected ground structure (DGS) with open-loop resonators coupled to the microstrip line [15] , using two shunt-connected tri-section stepped-impedance resonators (TSSIRs) [16] and open-circuited stubs [17] . However, to the best of our knowledge, no Bandstop filters with Penta-Band and Hexa-Band characteristics are designed and proposed. It is an interesting area for researchers to design a Multi-Band Bandstop filters.
In this paper, six Bandstop filters are presented. The proposed Bandstop filters are useful for the Single-Band to Hexa-Band applications. Single-Band BSF (SB-BSF) is designed by using two folded U-slots, Dual-Band BSF (DB-BSF) is designed using three folded U-slots, TB-BSF is designed using three different sizes folded U-slots, QB-BSF is designed using three different sizes folded U-slots in microstrip line and two folded U-slots in the ground plane. Penta-Band and Hexa-Band BSFs are designed using three different sizes folded U-slots in microstrip line and ground plane with one coupled S-type resonator. The proposed designed methodology is simple and systematic. Proposed Multi-Band Bandstop filters are useful for IEEE 802.11a WLAN band in the ranges ( [19] . Finally, some of the Multi-Band Bandstop filters are fabricated, and their performances are measured to verify the concept.
DESIGN OF SINGLE-BAND TO TRIPLE-BAND BANDSTOP FILTERS
This section presents the design of the SB-BSFs to the TB-BSFs by using the microstrip line with embedded folded U-slots. These three filters are useful to stop the unwanted signal frequency from 1.98 GHz to 4.75 GHz in the WLAN and UWB band. An FR-4 substrate with relative permittivity ε r = 4.4, h = 1.6 mm has been used to design these Bandstop filters, and simulation has been carried out on 3D EM software HFSS v11 [20] .
Single-Band Bandstop Filter (SB-BSF)
This section presents the design of SB-BSF. Initially, to design the SB-BSF, we have considered single folded U-slot in microstrip line. Single folded U-slot provides two resonance frequencies at 2.0 GHz and 6.2 GHz with 8 dB and 4 dB attenuation levels, respectively. Further adding another same size folded U-slot in the microstrip line gives Single-Band at 1.98 GHz with 35 dB attenuation level. One spurious frequency appears at 5.9 GHz, approximately three times of first resonance frequency. The layout with dimensions of the designed SB-BSF is shown in Fig. 1 . The dimensions are as follows: width of microstrip line w = 3.1 mm, the gap g = 0.35 mm, t = 0.53 mm, m = 11 mm, L = 10.8 mm, U = 39.6 mm and V = 20 mm. The simulated frequency response of the SB-BSF is shown in Fig. 2 . From the frequency response, it has been observed that it will be useful for frequency 1.98 GHz with 35 dB attenuation level. The spurious frequency also appears at 5.9 GHz with 8 dB attenuation level. The center frequency of the Single-Band to the Quad-Band Bandstop filters can be approximately obtained using expression (1) . where ε 1 eff s , ε 2 eff s and ε 3 eff s are the effective dielectric constants for different folded U-slots in microstrip line as well as in the ground plane. L i is the total length of the folded U-slots. For 0.0015 ≤ 0.0083f i ≤ 0.075, the effective dielectric constant for the folded U-slots can be obtained using the closed-form expressions [18] given in Equation (2).
The surface current distribution is shown in Fig. 3 for both 50 Ω line and in the SB-BSF at resonance frequency 1.9 GHz. The direction of the stored surface current in the 50 Ω line is outward at both the ends in the microstrip line, while the directions of surface currents in the folded U-slots are in opposite directions, thus the magnetic fields produced by these surface currents will cancel out. These slots store only electric fields, which are responsible for the creation of the Single-Band Bandstop at 1.9 GHz. Similar surface current distributions also appear for the spurious resonance frequency at 5.9 GHz; however, the intensity of the stored currents is small compared with the surface current distribution at 1.9 GHz. Hence the spurious frequency has only 7 dB attenuation level. For all other frequencies, the direction of the stored currents in the SB-BSF are outwards at both the end of the microstrip line.
The fractional bandwidth is calculated by using Equation (3), where f max and f min are the 3 dB frequencies, and f 0 is the central resonance frequency.
The Loaded quality factor (Q L ) and external quality factor (Q E ) can be obtained using expressions (4) and (5). The fractional bandwidth (% FBW) is 6.52%, the loaded quality factor Q L 15.32 and the external quality factor Q E 28.9. However, the return loss (RL) is 0.8 dB. Hence another Single-Band frequency can be stopped by changing the dimensions of the folded U-slots. The proposed SB-BSF can be useful to stopping the interference of GSM frequency with the other frequency band.
Dual-Band Bandstop Filter (DB-BSF)
The DB-BSF has been designed by adding one more folded U-slot in center of the microstrip line. The dimensions of the folded U-slots can be obtained using Equation (1) for the specified frequency. The addition of extra folded U-slot in the center creates another stop band at 2.9 GHz; however, the first stop band obtained using two slots remains almost at the same frequency 1.9 GHz. Likewise in the SB-BSF, one spurious frequency band also appears in DB-BSF at the same frequency 5.9 GHz with 7 dB attenuation level. Three folded-U slots are used in the microstrip line to stop the two unwanted frequencies simultaneously from the WLAN and UWB band. The layout and dimensions of the DB-BSF are presented in Fig. 4 . The dimensions of the outer two folded-U slots are same as that we have taken in SB-BSF; however, the dimensions of the central slot are as follows: width of microstrip line w = 3.1 mm, gap g = 0.35 mm, t = 0.53 mm and L = 6.5 mm. The simulated frequency response of the DB-BSF is shown in Fig. 5 . It has two stopband frequencies at 1.9 GHz and 2.9 GHz with attenuation levels 19 dB and 25 dB, respectively. Using this filter, the interference of GSM and 2.9 GHz bands can be stopped from the WLAN bands. The surface currents distributions in DB-BSF are demonstrated in Fig. 6 for both resonance frequencies. At resonance frequency 1.9 GHz, the maximum current is distributed in both the outer slots; however, the current distributed in the central slot is small. The directions of the distributed currents for 1.9 GHz in both the outer slots are in opposite directions, while the direction of distributed current in central slot is in the same direction, hence outer slots are responsible for the first resonance frequency. For 2.9 GHz the directions of distributed surface currents in central slot are in opposite directions; however, the directions of surface currents in the outer slots are in the same direction. Hence the central slot is responsible for creating the second resonance frequency. The magnetic fields produced by this surface current cancel out for frequencies 1.9 GHz and 2.9 GHz. The stored electric fields are responsible for the creation of Dual-Band frequency response. Similar surface current distributions also appear for the third spurious resonance frequency at 5.9 GHz; however, the intensity of these stored currents is small compared with the surface current distribution at 1.9 GHz and 2.9 GHz. Hence the spurious frequency has only an attenuation level of 7 dB. On all other frequencies, the directions of the stored currents in DB-BSF are outwards at both ends of the microstrip line. The performances of the DB-BSF are as follows: The fractional bandwidths (% FBW) are 6.8% and 3.5%; the loaded quality factors Q L are 14.71 and 28.6; the external quality factors Q E are 28.9 and 82.8; however, the insertion loss (IL) between two stop bands is 0.8 dB. DB-BSF frequencies can be varied by changing the dimensions and controlling the mutual coupling between the slots.
Triple-Band Bandstop Filter (TB-BSF)
In Single-Band and Dual-Band the folded 50 Ω microstrip line has been used while for the design of a TB-BSF, straight microstrip line has been considered. Again to design the TB-BSF, three folded U-slots in the microstrip line have been used. The sizes of the folded U-slots are obtained using Equation (1) . Two outer slots are used to get the first resonance frequency at 2.0 GHz; however, the central slot is used to obtained the second resonance frequency at 4.76 GHz. By changing the slot gap width from 0.35 mm to 0.3 mm, the coupling of electric field between the slots will be enhanced, and the spurious resonance appearing in SB-BSF and DB-BSF becomes the third resonance frequency in the TB-BSF. This TB-BSF is useful for frequencies 2.0 GHz, 4.76 GHz, 6.56 GHz with attenuation levels 32 dB, 30 dB and 22 dB, respectively. The layout and dimensions of the TB-BSF are shown in Fig. 7 . The outer two folded-U slots are symmetrical, hence the dimensions of both the slots are the same as follows: width of microstrip line w = 3.1 mm, the gap g = 0.3 mm, g 1 = 0.45 mm, t = 0.33 mm, t 1 = g = 0.3 mm, L 1 = 9.7 mm, m = 3.8 mm and L 2 = 3.7 mm. The simulated and measured frequency responses of the TB-BSF is presented in Fig. 8 . The fabricated TB-BSF is shown in Fig. 11 . The surface current distribution in the microstrip line has been used to understand the working of a TB-BSF. The surface current distributions in the TB-BSF have been demonstrated in Fig. 9 for all the three resonance frequencies. The maximum current for resonance frequency 2.0 GHz is distributed in both the outer slots; however, the current distributed in the central slot is small. Both outer slots are responsible for the creation of stop band at 2.0 GHz. For 4.76 GHz, the distributed surface currents in central slot and in right-hand side outer slot are maximum. Hence, the central slot and right-hand side outer slot are responsible for the creation of the second resonance frequency. For the third resonance frequency 6.56 GHz, all the three slots have uniform surface current distribution. Hence, the mutual coupling of the fields in these three slots is responsible for the creation of third resonance frequency. The fractional bandwidths (% FBW) are 11.5%, 10.5% and 4.4%; the loaded quality factors Q L are 8.7, 9.5 and 22.7; the external quality factors Q E are 17.4, 44.6 and 146.2 at 2.0 GHz, 4.76 GHz, 6.56 GHz frequencies; however, the insertion loss (IL) between these three stop bands are 0.31 dB, 0.9 dB and 0.32 dB. To investigate the effect of size (total length) of the folded U slot on the stop band frequencies f 1 , f 2 and f 3 , the outer side slots have been considered, and their sizes (total lengths) are changed from 46.1 mm to 42.1 mm and to 35.7 mm. The frequencies f 1 , f 2 and f 3 are changed from 1.85 GHz, 4.75 GHz, and 6.05 GHz to 2.0 GHz, 4.76 GHz, and 6.56 GHz and to 2.4 GHz, 5.2 GHz and 7.65 GHz, which can be clearly seen in Fig. 10 . To further investigate the mutual coupling between the central slot and the side slots, the TB-BSF with different relative positions (m) of the side slots with the central slot are examined. The frequencies f 1 , f 2 and f 3 are changed from 2.0 GHz, 4.76 GHz, and 6.56 GHz to 2.1 GHz, 4.76 GHz, and 6.67 GHz to 2.15 GHz, 4.76 GHz, and 6.70 GHz by changing m from 3.8 mm to 2.8 mm and 1.8 mm. It has been observed that the central frequency (f 2 ) keeps almost the same when m changes.
Hence, the frequencies of the TB-BSF can be varied by changing the dimensions and controlling the mutual coupling between the slots. Table 1 compares the performances of our proposed TB-BSF with the previously reported TB-BSF. Our proposed TB-BSF has smaller size than the filters reported in [7, 8] and [10] [11] [12] [13] . 
DESIGN OF QUAD-BAND TO HEXA-BAND BANDSTOP FILTER
This section presents the design of the Quad-Band (QB-BSF) to the Hexa-Band (HB-BSF) Bandstop filters by using the microstrip line with embedded folded U-slots as well as embedded U-slots in the ground plane and also one coupled S-type resonator. These three filters are useful to stopping the unwanted signal frequency from 2.0 GHz to 7.75 GHz in WLAN and UWB band.
Quad-Band Bandstop Filter (QB-BSF)
To design the QB-BSF, Equations (1) and (2) are used to find the dimensions of the folded U-slots. Both microstrip line and ground plane are used to design the QB-BSF. However, article [15] reported a QB-BSF using defected microstrip structure (DMS) and E-shaped defected ground structure (DGS) with open-loop resonators coupled to the microstrip line. Article [16] reported using two shuntconnected tri-section stepped-impedance resonators (TSSIRs) and article [17] using open-circuited stubs. The maximum current is distributed in the right-hand side of the outer slot for resonance frequency 2.0 GHz as shown in Fig. 14 . In ground plane, the current makes loop, hence right-hand side slot in microstrip line is responsible for the first resonance frequency at 2.0 GHz. For the second resonance frequency 3.3 GHz, the current is mainly distributed in right-hand side slots in both microstrip line and ground plane shown in Fig. 15 , hence the right-hand side slot in ground plane is responsible for the creation of the second resonance frequency. For the third resonance frequency at 4.76 GHz, the maximum currents are distributed in central slot and right-hand side slot shown in Fig. 15 . The right-hand side slot and central slot in microstrip line are responsible for the third resonance frequency.
For the fourth resonance frequency, the distributed currents in all the three slots in microstrip line and in the left-hand side slot in ground plane are shown in Fig. 17 . Hence, left-hand side slot in the ground plane and all the three slots in the microstrip line are responsible for the fourth resonance at 6.5 GHz. The fractional bandwidths (% FBW) are 10.8%, 7.4%, 12.5% and 5.5%; the loaded quality factors Q L are 9.2, 13.5, 7.9 and 18.1; the external quality factors Q E are 18.3, 44.7, 37.8 and 153.5 at resonance frequencies 2.0 GHz, 3.3 GHz, 4.75 GHz and 6.5 GHz, respectively. The insertion losses (IL) between the four stop bands are 0.31 dB, 1.2 dB, 1.2 dB and 0.38, respectively. Like TB-BSF, the frequencies of the QB-BSF can be varied by changing the dimensions and controlling the mutual coupling between the slots. The simulated and measured frequency responses of the QB-BSF are presented in Fig. 13 . Fabricated QB-BSF is shown in Fig. 18 . Table 2 compares the performances of our proposed QB-BSF with the previously reported QB-BSFs. Our proposed QB-BSF has a smaller size than the filters reported in [15] . The size of [16] has a smaller size than our proposed filter; however, the loaded quality factors are smaller, and also the controls of resonance frequencies are difficult.
Penta-Band (PB-BSF) and Hexa-Band Bandstop Filter (HB-BSF)
Till now, the microwave community is able to design bandstop filters up to the Quad-Band [15] [16] [17] , the Penta-Band and Hexa-Band bandstop filters are difficult to design, hence no such bandstop filters are available in the open literature. This section deals with design of the PB-BSF and HB-BSF. To design the PB-BSF and HB-BSF, folded U-slots are used in both microstrip line and ground plane with one S-type coupled resonator to microstrip line. For the specified frequencies, the dimensions of the folded U-slots are obtained using Equations (1) and (2) . The five resonance frequencies f 1 , f 2 , f 3 , f 4 and f 5 can be rejected simultaneously by using the PB-BSF. The first (f 1 ), second (f 2 ), fourth (f 4 ) and fifth (f 5 ) resonance frequency bands can be created using folded U-slots both in microstrip line and ground plane; however, the third resonance frequency can be created by placing an S-type resonator near the microstrip line. For frequencies f 1 , f 2 , f 4 and f 5 , Equations (1) and (2) are used to obtain the dimensions of the slots; however, for frequency f 3 , the dimension of the S-type resonator (half-wavelength resonator) is obtained using Equations (6) and (7).
where that the sixth stop band is actually the spurious frequency of the third stop band frequency (nearly two times, namely the first spurious frequency of the half-wavelength resonator) in the responses of the Penta-Band. By changing the length of the half-wavelength resonator, the sixth stop band is matched and formed. Therefore, both the filters are discussed together in the same section. The fabricated PB-BSF and HB-BSF are similar and the difference only in the dimensions of the coupled S-type resonator (half-wavelength resonator) shown in Fig. 21 . The simulated and measured frequency responses of the HB-BSF is shown in Fig. 22 . The HB-BSF can be useful for frequencies 2.0 GHz, 3.34 GHz, 4.0 GHz, 4.74 GHz, 6.43 GHz and 7.8 GHz with attenuation levels 51.8 dB, 45.3 dB, 29.4 dB, 37.1 dB and 15.1 dB, respectively. The surface current distributions for different frequencies have also been used to understand the working mechanism of both the PB-and HB-BSFs. To save the space, the surface current distribution in the PB-and HB-BSFs at different frequencies are not presented here. The fractional bandwidths (% FBW) are 9.5%, 6.9%, 4.4%, 12.3%, 4.3%, and 2.1%, the loaded quality factors Q L are 10.5, 14.4, 22.7, 8.2, 23.4, and 49.3; the external quality factors Q E are 21.7, 48.1, 91.5, 38.7, 150.3, and 384.5 at resonance frequencies 2.05 GHz, 3.34 GHz, 4.10 GHz, 4.76 GHz, 6.57 GHz and 7.92 GHz respectively. The insertion losses (IL) among the six stop bands are 0.31 dB, 1.2 dB, 1.5 dB, 2.1 dB, 0.5 dB and 0.38 respectively. HB-BSF frequencies can be varied by changing the dimensions and controlling the mutual coupling between the slots and S-type resonator. The simulated and measured frequency responses of the HB-BSF is presented in Fig. 22 . Fabricated HB-BSF is shown in Fig. 21. 
CONCLUSION
A systematic design methodology has been presented to design the Multi-Band Bandstop filters from the Single-Band BSF (SB-BSF) to the Hexa-Band BSF (HB-BSF). The presented BSFs are useful to suppress the unwanted signal frequencies from 1.98 GHz to 7.75 GHz. The attenuation level for suppressed frequencies varies from 19 dB to 62 dB, and the quality factor varies from 17 to 384.5. The surface current distributions have been used to understand the working mechanism of the filters. Finally, some of the Bandstop filters are fabricated, and their measured results are presented to validate the design process. Such compact BSFs could be used in modern communication systems to stop the potential interference of the unwanted signal frequencies in WLAN and UWB band.
